Liu Y, Cao DJ, Sainz IM, Guo Y-L, Colman RW. The inhibitory effect of HKa in endothelial cell tube formation is mediated by disrupting the uPA-uPAR complex and inhibiting its signaling and internalization.
collagen-fibrinogen cultures, ECs develop intracellular vacuoles, which in the presence of angiogenic factors, grow in size and elongate (28) . Eventually, more adjacent cells coalesce, forming tube-like structures with well-defined lumens, mimicking the major steps of in vivo vessel formation by the fusion of vacuoles and tube formation in zebrafish (29) .
Binding of urokinase-type plasminogen activator (uPA) to its specific receptor (uPAR) regulates cell migration and invasion and activates diverse cell signaling pathways. In many cell types, uPA binds to uPAR, resulting in the activation of MAPK ERK (46, 47, 60) . This signaling response may be of central importance because the level of activated ERK controls many pathophysiological process, including cell growth, differentiation, apoptosis, and migration, and, in cancer, invasion and metastasis (50) . In aggressive cancer cells, endogenously produced uPA and the uPAR may form a self-contained autocrine pathway, which serves as a major determinant of the basal level of ERK activation, in the absence of exogenous stimulants (1, 2, 41). Gondi et al. (21) showed that downregulation of uPARs and uPA by inhibitory RNA induced the downregulation of the EGF receptor (EGFR) and VEGF and inhibited angiogenesis in both in vitro and in vivo angiogenic assays. In addition, invasion and migration were inhibited, as indicated by in vitro spheroid cell migration, Matrigel invasion, and spheroid invasion assays. Maspin, a serine protease inhibitor, specifically inhibits prostate cancer-associated uPA in vitro and decreases angiogenesis in nude mice (10) . The microvessel density (MVD) assessed immunohistochemically was significantly higher in gastric cancer patients with expression of uPA, uPAR, or VEGF, and stepwise analysis identified uPA as an independently correlated factor with MVD (30) . Thus, the uPA-uPAR system plays a critical role in angiogenesis.
After the conversion of pro-uPA to uPA on the cell surface uPAR, internalization is triggered by plasminogen activator inhibitor (PAI)-1, which forms a ternary inactive complex. The uPA-PAI-1-uPAR complex is internalized by low-density lipoprotein-related protein (LRP), a member of the lipoproteinrelated protein family (13, 48) , which is degraded in the endosome. Lysosomal proteases degrade the complex, and eventually free uPARs recycle to the cell surface. Thus, the dynamic recycling of components of the uPAR complex enables it to simultaneously participate in diverse reactions in the pericellular space of individual cells.
The 3-D structure of the uPA-uPAR complex, solved recently by X-ray diffraction, revealed that the uPAR binds uPA in a pocket composed of all three domains (4, 27) . In this laboratory, we (12) have shown that two-chain high-molecularweight kininogen (HKa) binds to domain II (DII) and domain III (DIII) of the uPAR on ECs. We postulated that the binding of HKa to uPARs might result in conformational changes of uPARs affecting the function and signaling of the uPA-uPAR complex. In this study, we first compared the inhibitory potency of HKa and an anti-uPAR antibody on tube formation in a 3-D collagen-fibrinogen gel since the uPAR is a major receptor of HKa. We then provided evidence that HKa could disrupt the uPA-uPAR complex. Finally, we showed that HKa inhibited exogenous uPA-dependent ERK phosphorylation and uPAR internalization. Therefore, HKa exerts its inhibitory effect on tube formation in a 3-D collagen-fibrinogen gel.
MATERIALS AND METHODS
Reagents and antibodies. Cleaved HKa was purchased from Enzyme Research Laboratories (South Bend, IN) with Ͼ95% purity. On nonreduced SDS gels, purified HKa appeared as a major band of 110 kDa. On reduced gels, HKa possesses a heavy chain (M r ϭ 62 kDa) and a light chain (Mr ϭ 45 kDa). Endotoxin in HKa was measured and removed as described in a previous publication (40) . Only HKa was used in these experiments; no intact high-molecular kininogen (HK) or domain 5 (D5) was used in this study. Collagen solution (purified rat type I collagen) was purchased from Cohesion (Palo Alto, CA) and ICN Biochemicals (Aurora, OH). Fibrinogen and protease inhibitor cocktail were purchased from Calbiochem (San Diego, CA). Antibodies against ERK and its phosphorylated form (pERK) were from New England Biolabs (Beverly, CA). Rabbit polyclonal anti-uPAR antibody (DIIDIII) and mouse monoclonal anti-uPAR antibody (E180) were gifts kindly provided by Drs. Andrew Mazar and Graham Parry (Attenuon, San Diego, CA). These antibodies were made against uPAR DII and DIII; thus, they block ligand binding, including HKa. Single-chain uPA was a gift kindly provided by Dr. Douglas B. Cines (University of Pennsylvania School of Medicine, Philadelphia, PA). High-molecular-weight uPA, a murine antibody to uPA, and human PAI-1 were obtained from American Diagnostica (Greenwich, CT). Phosphatidylinositol-specific PLC (PI-PLC) and PMA were purchased from Sigma (St. Louis, MO). Trypsin solution, trypsin neutralizing solution, and VEGF stock solution were from Clonetics (Walkersville, MD). Basic FGF (bFGF) was obtained from Life Technologies (Grand Island, NY). Mammalian Protein Extraction Reagent (M-per) was purchased from Pierce (Rockford, IL).
Cell culture. Human umbilical vein ECs (HUVECs) were purchased from Clonetics and cultured as previously described (24) . Zn 2ϩ (20 mol/l) was added to the culture mix whenever HKa was involved, as Zn 2ϩ is required for HKa binding to ECs. Cell migration assay. Cell migration was assessed in 48-well Boyden chambers. The underside of the membrane of the upper chamber was coated with a collagen-fibrinogen mixture (10 g/ml collagen and 30 g/ml fibrinogen, ICN Biochemicals and Calbiochem) and 8 ϫ 10 3 cells in endothelial basal medium (EBM; which does not contain serum) were seeded on the upper chamber and allowed to migrate for 6 h (32). After 6 h, cells that remained in the upper chamber were removed using a cotton swab. Cells that migrated to the other side of the membrane of the upper chamber were fixed with 4% paraformaldehyde and stained with 1% toluidine blue. We counted cells in six fields/well (ϫ100 magnification), which essentially covered 80% of the well surface. The average number of cells from each of the triplicates represents the average number of cells that migrated in that treatment group. Each experiment had triplicate wells for every treatment group, and we repeated each experiment three times. The mean of all results from controls was considered as 100%, and all values were adjusted accordingly (including individual control results).
Preparation of the collagen-fibrinogen gel matrix and 3-D cell culture. The collagen gel matrix was generated according to methods described previously (40) . Briefly, HUVECs were resuspended in EBM and mixed with collagen solutions (rat type I collagen) to make a final collagen concentration of 1.7 mg/ml. Fibrinogen was added to a final concentration of 3 mg/ml, and the cell concentration adjusted to 1 million cells/ml; 200 l of collagen-fibrinogen and cell mixture were added to each well (48-well plates). The matrix was allowed to form by incubation at 37°C. After gelation, EBM containing angiogenic factors [40 ng/ml bFGF (Life Technologies), 30 ng/ml VEGF (Clonetics) and 50 nmol/l PMA (Sigma)] was added on top of the collagen-fibrinogen gel matrix. Cells embedded in the gel were then placed in a humidified incubator with 5% CO2 and 95% air for the time periods stated in each individual experiment.
Microscopic analyses of cell morphogenesis in 3-D collagenfibrinogen gel matrixes. EC tube length was quantified following the protocol of Yang et al. (66) . Briefly, 5 digital images/well were taken at ϫ100 magnification (ϳ70% of the total well surface). Pictures were taken from areas showing more abundant tube structures from each well. Images were analyzed using Image Pro-Plus 4.1 software. An observer blinded to the experimental protocol measured the total length of each tube (defined as structures exceeding 100 m in length) that was in clear focus in the image field. In those instances where several tube-like structures merged together or branched, the total length of the tube was calculated as the sum of the length of the individual branches. To assess if our treatments had any effect on vacuole formation, we measured the surface area occupied by the vacuoles; a vacuole was defined as an open space within one cell or between two cells only. Results were standardized as percentages where controls were set at 100%.
Analysis of apoptosis in HUVECs cultured in 3-D collagen-fibrinogen gels. Apoptotic cell death was determined by the combination of cell morphology changes (nuclear chromatin clumping and/or cell body disintegration observed through an inverted Leica microscope) and the detection of early apoptotic changes by TUNEL assay at the time endpoints indicated using a commercially available kit (DeadEnd Fluorometric TUNEL System, Promega). We counted the numbers of TUNEL-positive EC nuclei in 12 randomly chosen high-power fields/ group (ϫ400 magnification). The number of TUNEL-positive nuclei was divided by the number of total cells counted. Preimmune serum (IgG1) was used as the negative control for the anti-uPAR group. All experiments were run in triplicate.
Cell lysate preparation, immunoprecipitation, and immunoblot analysis. Protein extraction from gels, SDS-PAGE separation of proteins, and Western blot analysis were performed as previously described (39) . HUVECs in collagen-fibrinogen gel were washed with ice-cold PBS containing 0.7 mM CaCl2, 0.5 mM MgCl2, and 1 mM Na 3VO4 before being harvested in extraction buffer A [composed of 1% Triton X-100, 60 mM octyl glucoside, 10 mM Tris ⅐ HCl (pH 7.6), 50 mM NaCl, 30 mM Na 4P2O7, 50 mM NaF, 1 mM Na3VO4, and 2 Concentrations of the monoclonal antibodies (in nM) were calculated by measuring the protein concentration of the antibodies and dividing them by molecular weight (150 kDa). HUVECs were cultured in 3-D collagen-fibrinogen gel matrixes with or without anti-uPAR antibody for 22 h at 37°C. HUVECs were then fixed with 4% paraformaldehyde and stained with 1% toluidine blue. Black arrows point to intracellular vacuoles. White arrows point to the lumen. Magnification: ϫ100 (top) and ϫ200 (bottom). C and D: quantification of tube length formation after an incubation with HKa (C) or anti-uPAR antibody (D). A tube is a cellular structure that measures Ͼ100 m in length and is visibly formed by the body of 3 cells or more. Tube length was measured in m/mm 2 . Results were normalized and reported as percentages of the tube length (means Ϯ SE). All treatments were compared with the control. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.005.
mM CaCl2] plus mammalian protease inhibitor mixture (Sigma). After solubilization on ice for 15 min with intermittent vortexing, the extract was microcentrifuged for 10 min at 13,000 g, and the supernatant (cell lysate) was recovered.The complex formation of uPARs with other signaling molecules was determined by immunoprecipitation according to methods described by Chapman et al. (8) with some modifications. The cell lysate was incubated with an antibody to uPA followed by an incubation with protein A/G beads. Immunoprecipitates were subjected to SDS-PAGE under nonreduced conditions, and immunoblot analysis was performed as described below.
Separately, the immunoprecipitated complex or the cell lysate containing equal amounts of protein (10 -20 g) were solubilized in Laemmli's sample buffer and subjected to SDS-PAGE. Separated proteins were then transferred onto nitrocellulose membranes. Membranes were blocked with 5% nonfat dry milk in Tris-buffered saline containing 0.05% Tween 20 and then probed with antibodies as indicated. Immunoblots were visualized by an enhanced chemiluminescence kit (Amersham Pharmacia Biotech) and analyzed by densitometry. pERK and uPAR were normalized to their corresponding total levels. pERK and uPAR in controls were set at 100%. Experiments were run in triplicate.
Internalization of uPARs by HUVECs and cellular distribution of uPARs by cytofluorimetric analysis. To evaluate uPAR distribution after stimulation, we performed flow cytometry experiments as follows: subconfluent HUVECs (40 -60%) were incubated with or without HKa (300 nM) in EBM for 1 h. Individually treated groups of HUVECs were further incubated with stimuli as indicated, after which cells were harvested and sequentially incubated with primary and secondary antibodies for 30 min on ice and washed with ice-cold Dulbecco's PBS. Finally, cells were fixed and aliquoted. We used a murine anti-uPAR antibody (directed against uPAR DIIDIII) in combination with FITC-conjugated secondary antibody (Santa Cruz Biotechnology), which allowed us to detect uPARs expressed on EC membranes. Samples were analyzed by fluorescence-activated cell sorting (FACSort, Becton Dickinson). Experiments were run in triplicate.
Statistical analysis. Statistical analyses were performed with oneway ANOVA and all pairwise multiple-comparison procedures (Student-Newman-Keuls method). Results were considered significant when P Յ 0.05. All experiments were run at least in triplicate, and results are presented as means Ϯ SE.
RESULTS

HKa and anti-uPAR antibody inhibit HUVEC capillary tube formation in a collagen-fibrinogen gel matrix.
In previous studies, we found that the HKa functional domain, D5, inhibited angiogenesis on the chicken chorioallantoic membrane (11); we also identified that the uPAR is a receptor for HKa (12) . We demonstrated that the binding of 125 I-labeled HKa to HUVECs is inhibited by vitronectin, anti-uPAR DII and DIII antibodies, and recombinant soluble uPAR. However, Zhang et al. (67) showed that antitropomyosin monoclonal antibody TM-311 blocked the inhibition of bFGF and VEGF-induced EC proliferation in a 2-D system by HKa and D5 in a concentration-dependent manner, whereas antibodies that block the binding of HKa to the urokinase receptor did not (12) . To clarify this apparent contradiction, we used a collagen-fibrinogen gel to compare the effect of HKa with the anti-uPAR antibody on tube and vacuole formation. The effects of HKa in a concentration range from 10 to 300 nM were tested, as shown in Fig. 1A . In Fig. 1 , the control (angiogenic factors only) shows capillary tube structures; few vacuoles are present. HKa (10 nM) treatment decreased the formation of the more complex structures seen in the control. Intracellular vacuoles and tube formation were still present. HKa (30 nM) treatment showed an increased inhibition of vacuole and tube formation with scattered single cells and rare apoptotic cells. HKa (100 nM) treatment showed scattered apoptotic cells, elongated ECs, and very few tubes and vacuoles. HKa (300 nM) treatment showed sparse, elongated ECs with virtually no intracellular vacuole or tube formation and apoptotic cells. The addition of HKa at 300, 100, 30, and 10 nM to 3-D collagenfibrinogen HUVEC cultures inhibited capillary tube formation (22-h incubation) by 98.6 Ϯ 0.6%, 74.9 Ϯ 0.9%, 36.7 Ϯ 2.0%, and 28.0 Ϯ 6.2%, respectively (Fig. 1C) . The surface area of intracellular vacuoles decreased accordingly by 99.7 Ϯ 0.1% (300 nM HKa), 65.4 Ϯ 9.6 (100 nM HKa), 50.3 Ϯ 9.5% (30 nM HKa), and 38.9 Ϯ 7.9% (10 nM HKa). These data show that the inhibitory effect of HKa is concentration dependent. HKa could decrease the tube and vacuole formation at a concentration as low as 10 nM without an apparent apoptotic effect. The IC 50 of the inhibitory effect of HKa on tube and vacuole formation was ϳ30 nM, which represents 5% cleavage of HK in the plasma.
The anti-uPAR antibody compared with HKa exerted a similar effect on tube formation, as shown in Fig. 1B , which shows dose-dependent inhibited tube formation. The addition of anti-uPAR antibody at 300, 100, 30, and 10 nM to 3-D collagen-fibrinogen HUVEC cultures inhibited capillary tube formation (22-h incubation) by 87.9 Ϯ 1.5%, 78.0 Ϯ 4.6%, 69.3 Ϯ 5.4%, and 45.8 Ϯ 11.1%, respectively (Fig. 1, C and  D) . The anti-uPAR antibody mimicked the effect of HKa on tube formation, indicating that HKa inhibition of tube formation targets uPAR.
HKa disrupts the uPA-uPAR complex without an apparently inhibitory effect on endogenous uPA expression. The angiogenic response of ECs initiated by different growth factors is accompanied by the assembly of cell surface-bound proteolytic machinery as a prerequisite for focal invasion. Pro-uPA binds to its receptor, uPAR, allowing the conversion of pro-uPA to active uPA, which is an initial step of invasion. Since HKa can bind to DII and DIII of the uPAR (12), we therefore hypothesized that HKa could block the uPA-uPAR complex by targeting uPAR. As shown in Fig. 2A , ECs in a 3-D gel constitutively expressed endogenous uPA from 1 to 24 h, as assessed by densitometry. HKa did not significantly inhibit endogenous uPA expression. Quantification did not show inhibition (data not shown).
However, immunoprecipitation revealed that HKa disrupted the uPA-uPAR complex (Fig. 2B) . HKa disrupted the uPAuPAR complex at 1, 6, and 24 h by ϳ47.14 Ϯ 10.00%, 98.80 Ϯ 0.34%, and 96.11 Ϯ 2.83%, respectively (Fig. 2D) . One downstream effect of uPA is to activate ERK. We tested whether HKa can inhibit ERK phosphorylation since HKa blocked the binding of uPA to uPAR. As shown in Fig. 2C , ERK was constitutively phosphorylated, reflecting activated endogenous uPA. However, the endogenous ERK phosphorylation was diminished by HKa. The HKa inhibition of ERK phosphorylation at 1, 6, and 24 h was ϳ51.6 Ϯ 12.4%, 80.5 Ϯ 9.05, and 77.3 Ϯ 16.9, respectively (Fig. 2E) .
ERK inhibition decreases tube formation. We have previously demonstrated that pERK is necessary for tube formation (65) . In 3-D cultures, an ERK inhibitor (U-0126) at 3, 9, and 27 M significantly inhibited tube formation by 42.3 Ϯ 2.2%, 43.3 Ϯ 2.1%, and 44.3 Ϯ 3.6%, respectively (Fig. 3A) . These results confirm the participation of ERK in EC tube formation.
HKa inhibits ERK phosphorylation in a time-dependent manner in a 2-D culture system. To determine whether the HKa inhibition of ERK phosphorylation is uPA dependent, we pretreated cells with 100 nM HKa and challenged cells with 15 nM uPA (Fig. 3B) . Densitometry revealed that the inhibitory effect of HKa on ERK phosphorylation at 30 min was significant: HKa inhibited pERK by 54.9 Ϯ 9.5% at 15 min of incubation and by 94.9 Ϯ 3.9% at 30 min of incubation (P Ͻ 0.05; Fig. 3C ). These data indicate that HKa prevented exogenous uPA-induced ERK phosphorylation.
HKa induces apoptosis in HUVECs grown in a collagenfibrinogen 3-D gel matrix.
A number of studies have demonstrated that uPA-activated ERK inhibits apoptosis (7, 23, 64) . To test the effects of the endogenous uPA-uPAR system on apoptosis, we treated ECs with an antibody that blocks uPA binding to uPARs or with HKa. Cells treated with HKa showed 30% apoptotic cells as detected by the TUNEL assay, which is greater than a threefold increase compared with the control (8%). Anti-uPAR antibody-treated HUVECs showed 26% apoptotic cells (Fig. 4B ). These differences from the control were highly significant (P Ͻ 0.005). The differences between the percentages of HKa-and anti-uPAR antibody-induced apoptosis were not statistically significant. Apoptosis was not seen in cells treated with HKa (10 or 30 nM, 22 h of incubation) or in cells treated with HKa (300 nM) at 6 h of incubation.
HKa inhibits uPA-uPAR complex internalization. The uPAR binds to the internalization receptor (LRP) through DII and DIII regions (34) , the same binding region that HKa binds to uPAR, indicating that HKa might modulate the uPAR internalization process. To quantify the level of uPARs on the cell surface and assess uPAR internalization, immunocytofluorimetric analysis was performed as described in Fig. 5 . ECs synthesize and secrete PAI-1 (68). The active enzyme uPA has been shown to stimulate uPAR internalization (52) . When HUVECs were incubated with pro-uPA (20 nM), uPA (20 nM), and uPA/PAI-1 (20:40 nM), uPA and uPA/PAI-1 decreased cell surface uPARs, as shown in Fig. 5A . As shown in Table 1 , we found that uPA decreased cell surface uPARs from 9.86 Ϯ 0.14 to 6.01 Ϯ 0.06 (P Ͻ 0.001); uPA/PAI-1 decreased cell surface uPARs from 9.06 Ϯ 0.03 to 6.37 Ϯ 0.05 (P Ͻ 0.001), respectively. As expected, HKa (300 nM) reversed these effects to 8.15 Ϯ 0.14 (P Ͻ 0.001) and 8.66 Ϯ 0.08 (P Ͻ 0.001), respectively. In contrast, pro-uPA (20 nM) slightly increased cell surface uPARs from 9.07 Ϯ 0.06 to 9.54 Ϯ 0.09 (P Ͻ 0.05), indicating that exogenous pro-uPA might capture some uPARs, which are normally cycling at the basal level. HKa had no effect. In a 3-D gel, we used the combination of VEGF, bFGF, and PMA as angiogenic factors to stimulate tube Fig. 2 . Effect of HKa on uPA expression, the uPA-uPAR complex, and ERK phosphorylation in 3-D collagen-fibrinogen gels. A: uPA expression was determined by Western blot analysis. HUVECs were incubated in a 3-D gel with (ϩ) or without (Ϫ) 300 nM HKa and harvested at the times indicated. Cell lysates were subjected to Western blot analysis as described in MATERIALS AND METHODS. uPA expression was probed by a murine antibody to uPA. Data are representative of 4 independent experiments. B: disruption of the uPA-uPAR complex by HKa. HUVECs in a 3-D gel were incubated with or without 300 nM HKa and harvested at the times indicated by the addition of extraction buffer. Immunoprecipitation (IP) procedures were performed as described in MATERIALS AND METHODS using an antibody to uPA. A comparison with ␤-actin showed equal protein loading. IB, immunoblot analysis. C: inhibitory effect of HKa on ERK phosphorylation. HUVECs in a 3-D gel were incubated with or without 300 nM HKa and harvested at the times indicated. Cell lysates were subjected to Western blot analysis as described in MATERIALS AND METHODS. Activated ERK and total ERK were probed by antibodies to phosphorylated ERK (pERK) and nonphosphorylated ERK. D: relative density of total uPAR to uPA quantified by densitometry. Open bars, control; solid bars: HKa treatment. Data are means Ϯ SE. **P Յ 0.01; ***P Յ 0.001. E: quantification of ERK activation at 1, 6, and 24 h with and without HKa. ERK activation was expressed as a percentage of the relative density. Open bars, control; hatched bars, HKa treatment. Data are means Ϯ SE. *P Յ 0.05. Experiments were performed in triplicate.
formation. To determine which factor responds to uPAR internalization, subconfluent HUVECs were treated with VEGF (40 ng/ml), bFGF (40 ng/ml), and PMA (50 nM) separately. Cell surface uPARs were monitored by flow cytometry, as shown in Fig. 5B . VEGF and bFGF decreased cell surface uPARs, whereas PMA slightly increased cell surface uPARs, as shown in Fig. 5B . As shown in Table 1 , VEGF decreased cell surface uPARs from 8.88 Ϯ 0.04 to 5.12 Ϯ 0.04 (P Ͻ 0.001) and bFGF decreased cell surface uPARs from 7.24 Ϯ 0.06 to 5.18 Ϯ 0.01 (P Ͻ 0.001), respectively. As shown in Table 1 , HKa (300 nM) reversed these effects to 8.58 Ϯ 0.03 (P Ͻ 0.001) and 8.06 Ϯ 0.18 (P Ͻ 0.001), respectively. In contrast, HKa further elevated PMA-increased cell surface uPAR levels to 10.41 Ϯ 0.23 (P Ͻ 0.001).
HKa and anti-uPAR antibody inhibit HUVEC migration. Previous studies have shown that the inhibition of uPAR internalization dramatically reduces EC migration (9, 37, 52) and therefore reduces tube formation, which requires migration. We tested EC migration toward a collagen-fibrinogen mixture-coated membrane of the upper chamber of Transwell plates (a 2-D system). HKa inhibited HUVEC migration to the collagen-fibrinogen matrix to 40% of the control. Cells were not apoptotic after 6 h of incubation. Under the same conditions, anti-uPAR antibodies inhibited migration even more dramatically (Ͼ80% of the control; Fig. 6, A and B) . These results indicate that both HKa and anti-uPAR antibody inhibit cell migration by preventing the binding of uPA to uPAR.
DISCUSSION
The uPAR functions in concert with coreceptors that include integrins (␤ 1 -␤ 5 ) (50), EGFR (38) , and FPR-like receptor-1/ lipoxin A 4 receptor (53). The uPAR has been implicated in several molecular events such as coordinating cell adhesion, migration, invasion, and proliferation and promoting cell survival (6) . Since the uPAR is a major receptor for HKa, we started by comparing the effects of anti-uPAR antibody and HKa on tube formation of ECs in a novel 3-D culture system that includes fibrinogen (found in provisional ECM). We found that both molecules inhibited tube and vacuole formation to a similar extent. Our next step was to test if this effect was due to disruption of the uPA-uPAR complex. Our results showed that in the 3-D system, HKa mitigated the association of the uPA-uPAR complex without an apparent inhibition of uPA expression. We further demonstrated that HKa inhibited ERK phosphorylation in both 2-D and 3-D systems as well as uPAR internalization, each of which represented a novel finding in this study.
HK is a 120-kDa ␣-globulin with a plasma concentration of 80 g/ml (0.67 mol/l) and an isoelectric point of 4.3 (54, 55) . In a healthy female, only 7.2% of HK is cleaved compared with a rheumatoid arthritis patient, in which 11.5% of HK is cleaved (56) . In an extreme situation, such as the shock caused by a lethal dose (1.2 mg/kg) of pseudomonal elastase, the consumption of HK can range to up to 85% (33) . As shown in Fig. 1C , HKa can significantly inhibit tube and vacuoles as low as 10 nM, which represents only 1.5% of the normal HK concentration. The IC 50 of the inhibitory effect of HKa on tube and vacuole formation is ϳ30 nM, which represents 5% cleavage of HK, similar to the cleavage observed in normal plasma. The concentration of HKa of 100 nM, which can be found in rheumatoid arthritis, represents 15% cleavage. A concentration of HK of 300 nM has been demonstrated only in septic shock.
HK is a proangiogenic molecule, whereas HKa is an antiangiogenic molecule. Together, they regulate the balance of pathophysiological angiogenesis. HKa (30 nM) inhibited ϳ50% of tube formation, which can be found in physiological processes such as embryonic development, wound healing, and the female reproductive cycle. HKa (300 nM) almost completely inhibited tube and vacuole formation, which can be found in pathologic processes such as cancer and inflammation. Thus, HKa dose dependently inhibited tube formation, reflecting that HKa can play an important role in pathophysiological angiogenesis.
In a previous study (25) , we found that cells treated with D5 in the presence of bFGF showed typical morphological features of apoptosis. We also showed that HKa inhibited cell adhesion to vitronectin by 90% and gelatin by 40%; in contrast, HKa had no apparent effect on cell adhesion to fibronectin. HKa induced cultures. HUVECs in monolayers were starved for 4 h and preincubated with or without HKa (100 nM) for 1 additional hour. Cells were incubated with uPA (15 nM) for the times indicated. Cells were lysed and subjected to Western blot analysis. ERK activation was probed by an antibody to pERK. C: quantification of pERK present after an incubation with HKa in 2-D cultures. HKa (100 nM) significantly decreased ERK activation at 30 min (*P Յ 0.05). ERK activation was quantified by densitometry (n ϭ 3). Data are means Ϯ SE.
apoptosis of ECs grown on vitronectin and gelatin but not cells grown on fibronectin, which closely parallels its antiadhesive potency, indicating that the apoptotic activity of HKa and D5 is highly regulated by their interactions with different ECM proteins (24) . However, in 3-D gels, additional mechanisms might exist to explain the apoptotic effect of HKa. Recently, there have been several reports of apoptosis induced by the inhibition of ERK activity (22, 44) . The ability of uPA to activate the Ras-ERK signaling pathway by binding to uPARs is well documented (1, 31, 34, 45, 46, 59) . This process may depend on the integrity of a signaling receptor complex that includes uPARs and plasma membrane adaptor proteins, such as integrins and caveolin (5, 8) . Ma et al. (41) showed that a uPAR-specific antibody, uPA mRNA-specific antisense oligodeoxynucleotides, or the inhibitor PD-098059 promoted apoptosis, as determined by caspase-3 activity. As shown Fig. 2C , 300 nM HKa can inhibit ERK phosphorylation from 1 to 24 h. As shown in Fig. 3B , Western blot analysis demonstrated that exogenous uPA-induced ERK phosphorylation was also prevented by 100 nM HKa. These observations suggest that the apoptotic effect of HKa at least partly mediated through the ERK pathway.
uPA is synthesized and secreted as a one-chain, 55,000-M r , zymogen (pro-uPA). Limited proteolysis by plasmin can convert this pro-uPA into the two-chain, 55,000-M r , active enzyme (uPA) composed of a 158-amino acid A chain and a 253-amino acid B chain linked by a disulfide bond (62) . Active uPA forms complexes with its inhibitor, PAI-1, which binds to uPARs in a process involving clathrin-coated vesicle formation (26) .
Thereafter, uPAR itself can recycle back from the endocytotic compartment to preformed focal adhesions of the cell surface at the leading edge (48, 52) . The pro-uPA/uPAR complex also can be internalized, which is mediated by a uPAR-associated protein (uPARAP/Endo 180) in the presence of collagen V (57) . Internalization of pro-uPA/uPAR or uPA/uPAR/PAI-1 is cell type specific. For instance, when active uPA or pro-uPA are bound to uPAR, they are not internalized and remain on the cell surface in monocyte-like cell line U937 or in a epidermoid carcinoma cell line (15, 58, 62) . Only active uPA is complexed to specific PAI-1, serpin, or protease nexin (PN)-1 ; the complex is internalized and degraded in the lysosomes of cell line U937 or in a human choriocarcinoma cell line (14, 16, 18, 48) . Kounnas et al. (35) also demonstrated that pro-urokinase and two-chain urokinase bind directly to purified LRP and that LRP mediates their internalization and degradation in Hep G2 cells. As shown in Fig. 5A , the addition of pro-uPA did not decrease cell surface uPARs, whereas uPA or the uPA/PAI-1 complex decreased cell surface uPARs, suggesting that the internalization of the uPAR is mediated by the uPA-PAI-1-LRP complex but not by the pro-uPA-uPAR-uPARAP complex. It is generally agreed that the expression of uPARAP/Endo 180 in HUVECs is lower than in fibroblast-like cells. Most of uPARAP/Endo180 in HUVECs is localized throughout the cytoplasm in intracellular vesicles, and only a small portion of uPARAP/Endo 180 is localized on the cell surface in a fine punctuate distribution (57) .
The conversion of pro-uPA to uPA in ECs is responsible for local fibrinolytic activity and is probably one of the initial steps in matrix degradation during the angiogenic process. Prager et al. (51) showed that VEGF induces rapid pro-uPA activation on the surface of ECs. The generation of active uPA, in the presence of PAI-1, induces the internalization of uPARs via a LDL receptor-like molecule (52) . This concept is in agreement with our data, as shown in Fig. 5B . Furthermore, we showed that bFGF can decrease cell surface uPARs. Flaumenhaft et al. (19) showed that bFGF increase uPA activity by sixfold in ECs. Furthermore, VEGF-induced in vitro angiogenesis and uPA activity are dependent on endogenous bFGF (43) . Thus, both VEGF and bFGF can convert pro-uPA to uPA and promote uPAR internalization. As shown in Table 1 , our data also revealed that PMA increased cell surface uPARs, which coordinated with PMA to upregulate uPAR expression (49) . The addition of HKa further increased cell surface uPARs, indicating that HKa might capture more uPARs when uPARs recycle to the cell surface. In the 3-D gel, PMA upregulated uPAR expression on the EC surface, whereas VEGF and bFGF induced the conversion of pro-uPA to uPA. The binding of active uPA to PAI-1/uPAR resulted in the internalization of uPARs via ␣ 2 -macroglobulin receptor-LRP. Our flow cytometry data suggested that the targeting of HKa to uPARs halted this process and therefore prevented tube formation. The binding site of uPA to the LDL receptor is located within DII and DIII of the uPAR (17) , which are the same uPAR domains with which HKa interacts (12) . The binding of HKa should directly inhibit the association of uPARs and LDL receptors. Interference with the uPA-PAI-1-uPAR complex formation would decrease cell surface uPAR expression and cell motility (9, 37, 52). As shown in Fig. 6 , either HKa or anti-uPAR antibody decreased cell motility. Table 1 . A: representative immunocytofluorimetric histograms of cell surface uPARs in HUVECs after stimulation with pro-uPA, uPA, and the uPA/plasminogen activator inhibitor-1 (PAI-1) complex. In b, e, and h, cells were challenged for 30 min with pro-uPA (20 nM), uPA (20 nM) , and the uPA/PAI-1 complex (20:40 nM), respectively. In c, f, and i, in the presence of HKa (300 nM), cells were challenged for 30 min with pro-uPA (20 nM), uPA (20 nM) , and the uPA/PAI-1 complex (20:40 nM), respectively. Cells were then harvested and subjected to the immunocytofluorimetric analysis procedure described in MATERIALS AND METHODS. uPA and PAI-1 were added together at ratio of 1:2 and incubated for 1 h at room temperature to form the complex before the complex was added to the medium. B: representative immunocytofluorimetric histograms of cell surface uPARs in HUVECs after stimulation with VEGF, basic FGF (bFGF), and PMA. In b, e, and h, cells were challenged for 2 h with VEGF (40 ng/ml), bFGF (40 ng/ml), and PMA (50 nM), respectively. In c, f, and i, in the presence of HKa (300 nM), cells were challenged for 2 h with VEGF (40 ng/ml), bFGF (40 ng/ml), and PMA (50 nM), respectively. Cells were then harvested and subjected to the immunocytofluorimetric analysis procedure described in MATERIALS AND METHODS.
The endogenous uPA-uPAR system plays an essential role in determining the steady-state level of activated ERK. Recently, X-ray diffraction revealed that uPA binds to all three domains of a uPAR crystal (4, 27) . Tarui et al. (61) showed that uPA binds to ␣ v ␤ 3 -integrin by its kringle domain. We suggested a model in which uPA binds to domain I of the uPAR by its growth factor domain and binds to ␣ v ␤ 3 -integrin by its kringle domain. ␣ v ␤ 3 -Integrin binds to DII and DIII of the uPAR, which form a ternary complex.
As shown in Fig. 2C , HKa can disrupt this complex by targeting uPAR DII and DIII. Therefore, HKa inhibited uPAdependent ERK phosphorylation and uPAR internalization. The K d of uPA binding to uPARs is ϳ1 nM, whereas the K d of HKa binding to ECs is 2.5 nM (67). However, the K d of HKa binding to uPARs is unknown at this time. The transition from HK to HKa involves major conformational changes (63) and leads to a greater exposure of the D5 region. Compared with HK, HKa has an increased antiadhesive effect that is due to domain rearrangement (3), which indicates that HKa might have a higher binding affinity to uPARs than HK. uPA is more effective in blocking native HK binding to scuPARs with increasing concentrations from 0.01 to 3,000 nM (42) . We have shown that uPA at up to 500 nM cannot block the binding of HKa to ECs. We explain this observation by suggesting that 300 nM HKa can disrupt the uPA-uPAR complex but uPA can still associate with ␣ v ␤ 3 -integrin on the surface of cells. Thus, HKa cannot prevent the binding of uPA to ECs.
In conclusion, we have shown that HKa dose dependently inhibited tube and vacuole formation, which correlated with pathophysiological angiogenesis processes. The antibody against the uPAR mimicked the inhibitory effect of HKa on apoptosis (HKa: 30% and uPAR antibody: 26%) and tube formation, indicating that HKa is as versatile as an inhibitor of the angiogenic process as is the uPAR as a stimulator. In tumor Values for cell surface urokinase plasminogen activator (uPA) receptor (uPAR) concentrations are means Ϯ SE (in arbitrary fluorescence units). Cell surface uPARs were measured by immunocytofluorimetric analysis as described in MATERIALS AND METHODS. PAI-1, plasminogen activator inhibitor-1; bFGF, basic FGF. For cell surface uPAR concentrations, unstimulated cells represent cells without treatment as the control, stimulated cells represent cells treated with agonists, and stimulated cells ϩ two-chain high-molecular-weight kininogen (HKa) represent cells preincubated with HKa (300 nM) before the addition of corresponding agonists. Immunocytofluorimetric data were collected from 3 independent experiments and quantified by FlowJo 7.2.2 software. For probability values for differences, comparisons of one group to the other group and statistical analysis were performed as described in MATERIALS AND METHODS. Results were considered significant when P Ͻ 0.05. Fig. 6 . HKa and the uPAR antibody inhibit endothelial cell migration. A: inhibition of HUVEC migration. The medium in the lower chamber was endothelial basal medium (EBM) with or without VEGF (10 ng/ml). The individual groups compared were HUVECs treated with only VEGF (control; left), VEGF and HKa (100 nM; middle), or VEGF and anti-uPAR antibody (66 nM; right). Magnification: ϫ100. Green bars ϭ 100 m. B: quantification of HUVEC migration. Cells were counted and standardized as percentages. Controls were set to 100%. Cell migration was inhibited by 40% with HKa and 80% with uPAR antibody. Comparisons were made with the control. *P Յ 0.05; **P Յ 0.01.
angiogenesis, cancer cells release angiogenic stimulators, such as VEGF and bFGF, thus stimulating the transformation of endogenous pro-uPA to uPA. The proteolytic enzyme uPA then binds to its receptor (uPAR) in a complex with its inhibitor PAI-1, which results in the internalization of this complex (52) , and activates ERK. Recycling of the uPAR regulates the migration of ECs. ERK activation stimulates migration and proliferation and suppresses apoptosis of ECs. HKa disrupted the uPA-uPAR complex, inhibited ERK activation, and blocked the internalization of uPARs, eventually resulting in cell death and cell motility arrest. Both are critical steps in angiogenesis.
